A square steel pipe is reshaped from a welded round pipe by roll forming. The effect of ellipse preforming on the cross-sectional size of the square steel pipe was investigated by experiment and three-dimensional finite element simulation. When designing a roll-forming machine for a square steel pipe, the diameter of the paired top and bottom rolls is usually set larger than that of the side roll pair, thereby avoiding interference between the roll axes driven by electric motors. When the diameter of the top roll is larger than that of the side roll, the width of a corner part of the formed pipe is larger than the height. A square pipe was formed from a preformed elliptical pipe to make the width and height of the corner part equal. As a result of ellipse preforming, the peripheral length of a square product increases and the size of the corner part of that product decreases. Therefore, elliptical preforming is effective in forming square pipe with a sharp corner. However, excessive preforming causes a hollow at the flat surface of a square product.
Introduction
Square steel pipe, which is used as a structural element in buildings and machines, is mainly produced by roll forming. Grooved rolls are used for the fabrication. Generally in the forming process, a roll set®a top and bottom pair and a side pair®is arranged. Then three roll sets are connected tandemly. A circular pipe is pushed into the almost squareshaped holes of the center of the roll set. Bent corners and rebent sides are formed in the cross section of the circular pipe. Then the circular pipe is changed to a square pipe. Kiuchi et al. 1) have conducted a series of experimental studies on this subject. Onoda et al. 2) reported an investigation that was performed based on their numerical simulations to date.
The top and bottom paired rolls of the roll forming machine are usually driven by electric motors. The diameters of top and bottom pair rolls are larger than those of side paired rolls to avoid interference of the roll axis. Nagamachi and others, including one of the current authors, conducted experiments and finite element simulations of square pipe forming in which the diameters of the top and bottom pair rolls were larger than those of side pair rolls. Results showed a forming defect called "corner droop" providing corners with longer width than height 3, 4) . Then as a measure to mitigate the defect, we shifted roll axes of the top and bottom pair and side pairs in a longitudinal direction (gave offset). Offsetting roll pairs of smaller diameter in the upstream direction is effective for reducing the difference between the width and height of corners 36) . Another countermeasure for reducing corner droop is the use of elliptical pipe as a blank for square pipe forming. It is inferred that the corner height becomes larger than the width if a vertically long elliptical pipe is used to form square pipe. It is because the domain of the elliptical pipe to form a corner is inclined in vertically. This might improve "corner droop" described above. Using elliptical pipe is expected to reduce the droop.
Several manufacturers are fabricating square pipe by rearranging the sizing rolls used for finishing of an electrical resistance-welded pipe on the grooved rolls. They produce square pipes on a single line from band plate. In this case, blank pipe that is not done sizing process for this square pipe forming is not truly circular. Such a blank must negatively influence the dimensional precision of square pipe. However, details of that influence have not been investigated.
Based on these facts, the authors have sought to preform elliptical pipe and use it as the blank for forming square pipe. The authors investigated these processes using experimentation and FE simulation. This report describes effects of preformed elliptical pipe on the sectional shape of square pipe including peripheral length, corner size, corner droop, and side flatness.
Experiment and Analysis
Figure 1 presents a schematic view of the forming process; Fig. 1(a) portrays the preforming process. A circular pipe is pushed into the gap of one set of rolls by the ram of a hydraulic cylinder and is formed as an elliptical pipe. In this process, the roll is not driven by any external device. Figure 1 (b) depicts a square pipe forming process. A preformed elliptical pipe is pushed successively into gaps of No. 1, No. 2 and No. 3 rolls by the ram of the hydraulic cylinder and is formed into a square pipe. None of these rolls is driven externally because mill for an experiment is used. Figure 2 depicts the symbols and the dimensions of forming rolls. In this study, we defined the reduction rate of the roll gap for the circular pipe diameter, as the figure shows. We examined three reduction rates r p for the preformed elliptical pipe: 5.39%, 16.3% and 24.1%. We examined two sets of reduction rates for the square pipe: the first set was r 1 = 9.70%, r 2 = 14.9% and r 3 = 17.5%, respectively, for No. 1, No. 2 and No. 3 rolls; the second set was r 1 = 11.8%, r 2 = 19.3% and r 3 = 21.4%, respectively. Additionally, we investigated two cases of the roll diameter combination. In our Case 2 combination, the diameters of top and bottom pair rolls D T were greater than that of the side pair D S , with the ratio being D T =D S ; 1:7. It was the combination that manufacturers of square pipe had used. In Case 2, we investigated the cross-sectional shape of the formed pipe and the load acting on the rolls by experimentation and simulation. In our Case 1, D T was equal to D S , D T /D S = 1.0. In Case 1, we found the cross-sectional shape of formed pipe and the load acting on the rolls solely by simulation. Table 1 presents the mechanical properties of the circular pipe, the material for roll forming. They were determined by tensile tests of a specimen cut down from the circular pipe, which is STK400 (Japanese industrial standard).
The cross-sectional shape was measured using a laser probe 3D measuring instrument (MLP-2; Mitaka Kohki Co., Ltd.).
Static implicit method and non-stationary analysis were used for FE simulation. The pipe material was treated as an elastoplastic body. A hexahedron element with eight nodes was used for simulation. Three elements were allocated for the thickness direction. The total number of elements was 20,00030,000. The roll was idealized as a rigid body. We assumed Coulomb friction and 0.12 as the coefficient of friction. General-purpose code (DEFORM-3D Ver. 6.13) was used for simulation. The analytical procedures and boundary conditions were similar to those described in a previous report.
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Results and Discussion

Decreased peripheral length
In the square pipe forming process, a pipe is produced by an external force of the roll directed inward. The peripheral length of pipe shrinks by that external force. In this section, we examine the influence of the reduction rate in elliptical forming on the decreasing rate of the peripheral length of the product. Figure 3 depicts symbols to define the cross-sectional shape of the pipe. The outer diameter of a circular pipe is d 0 and c one quarter of ³d 0 . Furthermore, the decreasing rate of peripheral length is e = (4c ¹ ³d 0 )/³d 0 . Figure 4 portrays the relations of the decreasing rate of peripheral length of elliptical pipe e and the preforming reduction rate r p . e for the preformed elliptical pipe is slightly negative, as the figure shows. Elliptical preforming reduces the peripheral length slightly. The absolute value of e increases with the preforming reduction rate r p . That is, the peripheral length decreases with the preforming reduction rate. We proceed to describe roll forming of a square pipe from elliptical pipe. Peripheral lengths were measured each after passing No. 1, No. 2 and No. 3 rolls. Relations of the decreasing rate of peripheral length e and preforming reduction rate r p are presented in Fig. 5 . As the figure shows, the absolute value of e increases with progress of forming from No. 1 through No. 3 for reduction rate r 3 (product) = 17.5% and 21.4% and for Case 1 and Case 2 combinations of roll diameter. The absolute value of e for products marked by and is the largest. For each process, the absolute value of e decreases with preforming reduction rate r p . The peripheral length increases along with the preforming reduction rate, which presents a reverse tendency from that of Fig. 4 , demonstrating e vs. r p for elliptical pipe preforming.
Although the peripheral length of the elliptical pipe is shorter than that of circular pipe, the peripheral length of square pipe formed from elliptical pipe is greater than that of square pipe formed from a circular pipe. This fact might be explained in terms of shape deformation and forming load on the pipe. Figure 6 depicts the pipe deformation shape after forming by No. 1 roll for Case 1 and r 3 = 21.4%. Furthermore, Fig. 7 shows the calculated values of forming load for the same condition. The pipe formed from a circular pipe is pushed by external force applied equally from top, bottom, and right and left, as depicted in Fig. 6(a) . That external force changes to a compression force in the peripheral direction, reducing the peripheral length. When a pipe is formed from an elliptical pipe longer in the vertical direction, the top and bottom parts of the pipe contact earlier with rolls. Consequently, the pipe is pushed inward in the top and bottom directions and is expanded in a lateral direction, as depicted in Fig. 6(b) . Then the pipe comes in contact with side rolls. Therefore, the forming load P T acting in No. 1 top and bottom rolls increases and forming load P S acting in No. 1 side rolls decreases concomitantly with the increasing preforming reduction rate r p , which produces an elliptical tube that is longer in the vertical direction. We found a similar tendency for forming conditions of r 3 = 17.5% and Case 2.
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In other words, when a square pipe is formed from an elliptical pipe, the compression of the peripheral direction is overcome by expansion in the lateral direction, which reduces shrinkage of the peripheral length in the square pipe. The difference of roll diameter D T /D S does not seem to influence the e vs. r p relation. For example, the value of e in Case 2 presented in Fig. 5(b) is about the same as that in Case 1 presented in Fig. 5(a) , both for r 3 = 17.5%. This is roughly the case for r 3 = 21.4%.
Size of corner and corner droop
The corner shape symbols are defined in Fig. 3(b) . The domain which did make contact with the roll is designated as the side. That which did not make contact is the corner. Furthermore, the border between the side and corner is designated as the shoulder. s x and s y respectively denote the width and height of corner; s a is their average. In this section, we examine the influence of the reduction rate of elliptical preforming r p on the cross-sectional shape of the corner. Figure 8 portrays the relation between s a and the preforming reduction rate. The elliptical pipe with r p = 24.1% did not make contact with No. 1 side pair rolls for the condition of r 3 (product) = 17.5%. Therefore, in Figs. 8(a) and 8(b), s a of the No. 1 roll forming process is missing for r p = 24.1%. For r 3 (product) = 17.5% and 21.4% and the roll diameter combination of Case 1 and Case 2 in Fig. 8 , s a decreases as the forming process proceeds from No. 1 through No. 3. The value s a of product marked by and mark is the smallest. Furthermore, for each process, s a decreases with the preforming reduction rate r p . This is associated with the relation between peripheral length and preforming reduction rate described in the previous section.
The greater the preforming reduction rate, the greater the peripheral length of the formed pipe, as presented in Fig. 5 . The greater the peripheral length of pipe, the more fully the pipe fills the roll gap, yielding smaller corner. In the range of the current study, s a of the product condition of r 3 = 21.4% and r p = 24.1% is the smallest. That s a is smaller by about 17% than that of square pipe roll formed from circular pipe. Therefore, elliptical preforming is an effective means to form a square pipe with sharp corners.
The difference of roll diameter D T /D S does not seem to influence the relation between s a and r p . For example, s a of Case 2 of Fig. 5(b) is about the same as that of Case 1 of Fig. 5(a) for r 3 = 17.5%. Furthermore, that is almost the case for r 3 = 21.4%. Figure 9 demonstrates the relation between deviation of s y from s a in terms of (s y ¹ s a )/s a and preforming reduction rate r p for formed pipe. (s y ¹ s a )/s a for r 3 = 17.5%, Case 1 (D T = D S ) and r p > 0 is positive, as shown in Fig. 9(a) : s x < s y . The reason is that the domain of the elliptical pipe which will make the corner inclines in the vertical direction, as depicted in Fig. 6(b) . However, (s y ¹ s a )/s a for r p = 0 of circular blank pipe is negative, which is s x > s y , for Case 2 ðD T =D S ; 1:7Þ, as shown in Fig. 9(b) . We designate this as "corner droop". The mechanism for generation of that droop was explained in our previous report.
3) That proceeds as explained below. The longitudinal contact length of top and bottom pair rolls is greater than that of side pair rolls. Therefore, the corner of the pipe bit into the roll is displaced from top and bottom laterally to the sides. Furthermore, the shoulder regions of top and bottom parts get away from corner center, and the shoulder regions of sides approach the corner center (cf. Fig. 8 of previous report 3) ). We have inferred that the corner droop would be reduced by elliptical preforming if applied to the Case 2 process. The result is shown in Fig. 9(b) . The value of (s y ¹ s a )/s a increases with preforming reduction rate r p . (s y ¹ s a )/s a of the product marked by and vanishes around r p ; 11:5%. Therefore, the corner droop disappears at r p ; 11:5%. Figure 9(d) demonstrates the result for r 3 = 21.4% and Case 2. (s y ¹ s a )/ s a of product marked by and increases with r p , and corner droop is mitigated. However, that (s y ¹ s a )/s a is negative. We failed to find a preforming reduction rate r p that cancels corner droop for r 3 = 21.4%. with large forming rate of r 3 = 21.4% is smaller than H 1 of r 3 = 17.5%. Therefore, in r 3 = 21.4%, the length of the contact domain of pipe and No. 1 side rolls is long in the longitudinal direction. The pipe is pushed simultaneously to the lateral direction and pushed out to the vertical direction by side pair rolls. For r 3 = 21.4% of the large forming rate, the pipe is extended in the vertical direction from the early stage. It suppresses the concave deformations in top and bottom planes. A reverse phenomenon occurs for r 3 = 17.5% and r p = 24.1% of the largest preforming reduction rate. In this condition, the pipe does not make contact with No. 1 side pair rolls, and the concave deformations in the top and bottom planes are substantial.
Actually, JIS G3466, a square steel pipe used for general structures, requires convex or concave deformation equal to or less than 0.5 mm. However, users of square pipe request "h and "b between ¹0.1 mm and 0. For r 3 = 17.5% in Fig. 9(b) , the preforming reduction rate r p which cancels corner droop was around 11.5%. For this condition, flatness "h and "b are between ¹0.1 and ¹0.05 mm, as presented in Fig. 10(b) . These values are in the allowable range permitted by users.
Conclusion
(1) Elliptical preforming increases the peripheral length and decreases the corner size. Elliptical preforming is effective for production of square pipe with sharp corners. (2) When a square pipe is formed using top and bottom pair rolls of large diameter and side pair rolls of small diameter, a "corner droop" forming defect occurs. Preformed elliptical pipe that is long in the vertical direction mitigates that defect, which is effective for square pipes with a low forming rate. (3) The longer the vertical length of the preformed elliptical pipe is, the more concave the top and bottom planes are. That concave deformation is remarkable in square pipe with a small forming rate. The concave deformation of products with reduced corner droop is within the allowable range.
